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INTRODUCTION
The dynamic assembly and disassembly of the actin cytoskeleton has been implicated in the regulation of pollen germination and subsequent tube growth (Gibbon et al., 1999; Vidali et al., 2001) , which are essential steps during flowering plant reproduction. Actin filaments are arrayed into distinct structures within different regions of the pollen tube that carry out distinct cellular functions (Ren and Xiang, 2007; Cheung and Wu, 2008; Chen et al., 2009; Staiger et al., 2010; Fu, 2015; Qu et al., 2015) . To support the dynamic assembly of actin filaments, a pool of polymerization-competent actin monomers must be available within the cytoplasm. In this regard, determination of the location and dynamics of actin monomers in the cytoplasm will provide insights into the regulation of actin assembly and array construction in pollen tubes.
The actin cytoskeleton exists in dynamic equilibrium between a monomeric form (G-actin) and a polymeric form (F-actin) within cells. Rapid conversion between these two forms is crucial for the function of actin in cells. For instance, pollen tube growth is arrested by manipulation of the dynamic equilibrium between G-actin and F-actin through the application of latrunculin B (LatB) or microinjection with the G-actin-binding protein profilin (Gibbon et al., 1999; Vidali et al., 2001) . There is a striking difference between the ratio of G-actin versus F-actin in pollen tubes compared to other cellular systems. F-actin comprises less than 10% of the total actin in pollen (Gibbon et al., 1999; Snowman et al., 2002) , while in budding yeast cells, the majority of actin is in its filamentous form, although the total actin concentration is relatively low (Karpova et al., 1995) . Previous measurements showed that the concentration of total actin reaches tens of micromolar to hundreds of micromolar in pollen (Vidali and Hepler, 1997; Gibbon et al., 1999; Snowman et al., 2002) . As the majority of actin is in its monomeric form (Gibbon et al., 1999; Snowman et al., 2002) , these measurements also suggest that the G-actin concentration can reach up to hundreds of micromolar in pollen. Given that the local concentration of actin will directly impact actin assembly, it is important to determine the localization and concentration of G-actin in order to understand how distinct actin structures can be assembled and maintained in tip-growing plant cells. Scientists have put much effort into visualizing the distribution of G-actin in fixed root hairs and pollen tubes, and this work has shown that G-actin forms a tip-focused gradient (Li et al., 2001; He et al., 2006) . However, the dynamics of G-actin during the growth of these cells remains to be determined.
Vitamin D-binding protein (DBP) and DNase I have been adopted to label G-actin in fixed cells (Van Baelen et al., 1980; Cao et al., 1993; Li et al., 2001; Cramer et al., 2002; He et al., 2006; Lee et al., 2013) . To follow the dynamics of G-actin, scientists have visualized G-actin tagged with a fluorescent protein in living cells, although this approach actually monitors the total amount of actin, not just monomeric G-actin. Nonetheless, this approach allows us to infer the localization and dynamics of G-actin during specific physiological cellular processes, such as neuronal growth (Lee et al., 2013) . An important consideration is that the tagging of G-actin with a fluorescent protein will likely alter its assembly and disassembly and will consequently alter its function in vivo. In support of this notion, it was reported that N-terminally tagged YFP-actin is unable to incorporate into formin-nucleated actin filaments in the contractile ring of yeast cells (Wu and Pollard, 2005) . In this regard, the generation of an actinfluorescent protein fusion construct with minimal negative effects on actin assembly and disassembly is an ideal approach for the visualization of G-actin, in combination with structural data on G-actin and F-actin (Kabsch et al., 1990; Fujii et al., 2010) and the use of actin loss-of-function mutants.
Here, we report that expression of a fusion construct with GFP inserted into the DNase I-binding loop of ACT11 (GFP Met49 -ACT11) driven by the native ACT11 promoter is able to rescue the Arabidopsis act11 phenotype. Our observations showed that GFP Met49 -ACT11 is distributed evenly in the pollen tube. Using the same strategy, we demonstrate that four other reproductive actins are also distributed evenly in the pollen tube. Considering that the majority of actin is in its monomeric form (Gibbon et al., 1999; Snowman et al., 2002) , our observations allow us to propose that G-actin is distributed uniformly in the pollen tube. In addition, we found that G-actin is redistributed rapidly via cytoplasmic streaming during pollen tube growth, which suggests that G-actin can be rapidly recycled via cytoplasmic streaming after its dissociation from certain actin structures within the pollen tube. Thus, our study suggests that G-actin is distributed evenly in the pollen tube and is rapidly redistributed via active cytoplasmic streaming in order to support actin polymerization during pollen tube growth.
RESULTS

Identification of positions in ACT11 for GFP insertion to generate functionally active GFP-ACT11 fusion constructs
To generate an actin-GFP fusion construct with minimal negative effects on actin assembly, we selected ACT11, which can be studied by utilizing the well characterized Arabidopsis act11 mutant . We hypothesized that if the GFP-ACT11 fusion construct has minimal adverse effects on actin assembly, it will complement act11 better. To choose the sites for GFP insertion, we were guided by the published structural data on G-actin (Fujii et al., 2010) and F-actin (Galkin et al., 2011) . Given that the C-terminus of actin is deeply buried, we assumed that tagging the C-terminus with GFP may alter the overall structure of G-actin and consequently affect actin assembly and disassembly. Therefore, we did not try this approach. By comparison, tagging the N-terminus with GFP might be a good choice, as the N-terminus is exposed and is not at the interaction interface between G-actin monomers during their assembly (Figure S1a, b) . However, we found that transgenic plants harboring the N-terminal GFP fusion protein (ACT11pro:GFP N -ACT11;act11) showed severe developmental defects. For instance, 6-week-old transgenic plants have small rosette leaves, lack the inflorescence stem, and are completely infertile (Figure 1a) . We also generated another GFP fusion construct with GFP inserted close to the N-terminus. In this construct, GFP was inserted after Pro9 (GFP Pro9 -ACT11), before the first b-sheet of G-actin ( Figure S1a, b) . Transgenic plants harboring GFP Pro9 -ACT11 (ACT11pro:GFP Pro9 -ACT11;act11) grow better than ACT11pro:GFP N -ACT11;act11 plants. For instance, they have open flowers (Figure 1a ). However, ACT11pro: GFP Pro9 -ACT11;act11 plants still exhibited some developmental defects, including the relatively small rosette leaves, curved inflorescence stems, and small flowers (Figure 1a) . Strikingly, we found that pollen grains expressing GFP-actin derived from ACT11pro:GFP Pro9 -ACT11;act11 plants could not germinate in vitro (Figure 1b) , suggesting that the expression of ACT11pro:GFP Pro9 -ACT11 totally inhibits pollen germination.
Next, we reasoned that the DNase I-binding loop might be the ideal location for GFP insertion as it is exposed in both monomeric and filamentous forms ( Figure S1a, b) . We therefore generated two GFP fusion constructs with GFP inserted after Met-49 (GFP Met49 -ACT11) and Ala-54 (GFP Ala54 -ACT11). In addition, we generated a GFP-ACT11 fusion construct with GFP inserted after Ile-359 (GFP Ile359 -ACT11), which is within a relatively long coiled structure in the exposed subdomain 1 of G-actin ( Figure S1a, b) . The transgenic plants derived from these constructs, ACT11pro: GFP Met49 -ACT11;act11, ACT11pro:GFP Ala54 -ACT11;act11 and ACT11pro:GFP Ile359 -ACT11;act11, are developmentally normal when compared with wild type (WT) plants (Figure 1a) , and pollen grains derived from the transgenic plants germinated normally in vitro (Figure 1b) . Importantly, two pollen tube phenotypes in act11 mutants -the abnormal pollen tube growth rate ( Figure S2a ) and the reduced level of Factin (Figure S2b, c; Chang and Huang, 2015) -are rescued to varying degrees in the transgenic plants. These results suggest that the insertion of GFP after Met-49, Ala-54, or Ile-359 of ACT11 has a less negative effect than the N-terminal insertions on the function of ACT11 in vivo. When we compared the three functional transgenic lines, we found that the GFP fusion construct with GFP inserted after Met-49 has the least negative effect on actin dynamics and pollen development ( Figure S2 ).
G-actin is distributed evenly within the cytoplasm of pollen tubes
To further determine the localization and dynamics of G-actin in the pollen tube, we selected the ACT11pro: GFP Met49 -ACT11;act11 transgenic plants for subsequent experiments. RT-PCR analysis showed that the level of ACT11 transcripts is restored in ACT11pro:GFP Met49 -ACT11;act11 plants when compared with the amount of ACT11 transcripts in WT plants ( Figure S3 ). We next found that GFP Met49 -ACT11 is mainly localized in the cytosol in both pollen grains and pollen tubes ( Figure S4 ). It accumulates near the germination aperture in the nascent germinating pollen grain but is distributed quite uniformly in the pollen tube ( Figure S4 ). When we examined the intracellular localization of GFP Met49 -ACT11 in more detail, we found that GFP Met49 -ACT11 forms some filamentous structures but is mainly cytosolic in the pollen tube (Figure 2a, left panel) . This is consistent with the notion that the majority of actin is in its monomeric form in pollen (Gibbon et al., 1999; Chen et al., 2009 ). In addition, we found that the GFP Met49 -ACT11 fluorescence seems to be a little brighter in the tip region of the pollen tube ( Figure 2a ). To determine whether this is because GFP Met49 -ACT11 forms a tipward gradient or simply because of condensation of the cytoplasm within the apical region of the pollen tube, we carefully compared the distribution of GFP Met49 -ACT11 with that of mCherry. We found that they have similar localization patterns in the pollen tube ( Figure 2a Figure 2b , c, right panels). We also constructed GFP fusion proteins for four other reproductive actin -ACT1, ACT3, ACT4 and ACT12 -using the same strategy ( Figure S5a ). Uniform cytosolic distribution of G-actin in the pollen tube was also confirmed for these other actins (Figure S5b, c) . Thus, our study showed that ACT11 and four other reproductive actins are mainly cytosolic and are uniformly distributed in the pollen tube.
GFP Met49 -ACT11 and GFP fusion proteins of other reproductive actins generated with the same strategy can be incorporated into filamentous structures
To determine whether the filamentous signal of GFP Met49 -ACT11 is masked by the overwhelming intensity of the monomeric signal, we decided to extract the fixed pollen tubes with detergent in order to remove some of the monomeric actin and increase the relative amount of filamentous actin. Indeed, we found that the filamentous structures became more prominent in the extracted pollen tube (Figure 3a , indicated by arrows). This suggests that GFP Met49 -ACT11 is able to form filamentous structures under normal conditions, but these structures are masked by the strong signal from the highly abundant monomers. To further confirm this hypothesis, we treated the pollen tubes with jasplakinolide (Jasp), which stabilizes actin filaments and stimulates polymerization (Bubb et al., 1994 (Bubb et al., , 2000 and has been shown to increase actin filament bundling and aggregation in the Papaver rhoeas pollen tube (Thomas et al., 2006) and in the Medicago sativa root hair (Samaj et al., 2002) . We found that GFP Met49 -ACT11 forms prominent filamentous structures in the pollen tube after treatment with Jasp (Figure 3b ), suggesting that GFP Met49 -ACT11 can indeed be incorporated into filamentous structures in the pollen tube. Similar findings were obtained for GFP fusion proteins of the four other reproductive actins ( Figure S5d ). We found that the relative amount of the reproductive actin proteins correlates well with the relative amount of their transcripts ( Figure S5e ; https://genevestigator.com/gv/), which suggests that the expression of these reproductive actin fusion constructs closely resembles the native conditions. Thus, our results suggest that fusion proteins made by inserting GFP into the DNase I-binding loop of reproductive actins can be incorporated into filamentous structures. GFP-actin therefore labels total actin (monomeric and filamentous). However, considering that the majority of actin is in its monomeric form in pollen (Gibbon et al., 1999) , GFP-actin can be taken as G-actin, which allows us to conclude that G-actin is distributed uniformly in the pollen tube (Figure 3c ).
Loss of function of profilin does not alter the distribution pattern of G-actin in the pollen tube
It was reported that two actin monomer-binding proteins, profilin and b-thymosin 4, are involved in the regulation of G-actin distribution in neuroblastoma cells (Lee et al., 2013) . We therefore wondered whether the actin monomer-binding proteins in plants are involved in regulating the distribution of actin monomers in the pollen tube. Given that no homologue of b-thymosin 4 exists in plants, we characterized the potential role of profilin in regulating the distribution of G-actin in the pollen tube by utilizing Arabidopsis mutants with loss of function of the pollenspecific profilins PRF4 and PRF5 . GFP Met49 -ACT11 was introduced into prf4 prf5 double mutants via genetic crosses, in which ACT11pro:GFP Met49 -ACT11;act11 plants were crossed with prf4 prf5 double mutant plants to generate the transgenic plants ACT11pro: GFP Met49 -ACT11;act11prf4prf5. We found that the signals from GFP Met49 -ACT11 were slightly dimmer in pollen tubes derived from ACT11pro:GFP Met49 -ACT11;act11prf4prf5 plants than in pollen tubes derived from ACT11pro: GFP Met49 -ACT11;act11 plants (Figure 4a ), but we did not detect a substantial change in the overall distribution pattern of GFP Met49 -ACT11 along the pollen tube (Figure 4b ). Considering that the amount of profilin protein is substantially reduced in prf4 prf5 double mutant pollen , these results suggest that profilin does not play obvious roles in regulating the distribution of G-actin in the pollen tube.
G-actin is rapidly redistributed via cytoplasmic streaming during pollen tube growth
Given that the local concentration of polymerization-competent G-actin directly affects actin polymerization, and that actin undergoes constant assembly in the pollen tube, it is important to determine the localization and dynamics of G-actin during pollen tube growth. Such information will provide insights into the regulation of the assembly and maintenance of distinct actin arrays during pollen tube growth. We found that G-actin moves around within the growing pollen tube in a manner that resembles cytoplasmic streaming (Figure 5a and Movie S1), which is consistent with the cytosolic distribution of G-actin. This was further confirmed by showing that treatment with the drug latrunculin B (LatB), which disrupts actin polymerization, inhibited the cytoplasmic streaming and the movement of G-actin in the pollen tube (Figure 5b and Movie S2). Quantification of the distribution of G-actin in the pollen tube showed that the gradual decrease in the amount of G-actin along the pollen tube from the tip to the base was affected after treatment with LatB ( Figure 5c ). This is consistent with the fact that actin filaments are highly dynamic at the pollen tube tip, and the actin filament dynamics are more sensitive to LatB treatment than cytoplasmic streaming (Gibbon et al., 1999; Vidali et al., 2001) . Within the growing pollen tube, the depolymerized G-actin is rapidly recycled via cytoplasmic streaming and its cytosolic concentration correlates with the density of cytoplasm in the pollen tube. LatB treatment enhances actin depolymerization but simultaneously inhibits cytoplasmic streaming and dissipates the tip-directed gradient of cytoplasm, thus causing a relatively uniform distribution of G-actin along the pollen tube. This result is consistent with the notion that G-actin is cytosolic and is redistributed via cytoplasmic streaming during pollen tube growth. Based on our observations of G-actin fluorescence in the absence or presence of LatB (see Movies S1 and S2), we generated a simple schematic map to represent the behavior of G-actin fluorescence and to show how the movement of G-actin is inhibited in the presence of LatB (Figure 5d ). To further demonstrate that the rapid redistribution of G-actin occurs via cytoplasmic streaming, we performed fluorescence recovery after photobleaching (FRAP) analysis of G-actin fluorescence in the absence or presence of LatB (Figure 5e ). We found that the fluorescence recovery rate is reduced in the presence of LatB (Figure 5f ). Taken together, these data suggest that G-actin rapidly redistributes via cytoplasmic streaming during pollen tube growth.
DISCUSSION
Actin undergoes dynamic assembly and disassembly and is arranged into distinct structures to meet the physiological demands of various cellular processes. Within pollen tubes, actin filaments are arranged into various structures within different regions that carry out distinct functions (Cheung and Wu, 2008; Staiger et al., 2010; Fu, 2015; Qu et al., 2015) . How these actin structures are generated and maintained is an outstanding question. The local concentration of polymerization-competent actin will affect actin assembly and will consequently affect the construction of actin arrays. It is therefore important to determine the localization and local concentration of these monomers as well as their dynamics in the pollen tube. Generation of a functional fluorescent protein fusion construct of actin provides one solution to these problems. Considering that the majority of actin is in its monomeric form in plant cells (Staiger and Blanchoin, 2006; Chen et al., 2009) , the total actin revealed by GFP-actin should be representative of G-actin. Given that actin undergoes rapid assembly and disassembly, the ideal GFP-actin fusion protein should have a minimal negative effect on actin assembly and disassembly. Structural data on G-actin and F-actin (Kabsch et al., 1990; Fujii et al., 2010) provide useful information for the construction of actin fusion proteins. Ideally, the fusion of GFP should not disrupt the overall structure of G-actin or the interface for actin-actin interaction during actin assembly. Bearing these criteria in mind, we generated several GFP fusion constructs of ACT11 ( Figure S1 ), and transformed them into act11 mutants to assay their functionality . We found that transgenic plants harboring several of these ACT11 fusion constructs exhibited growth defects and were therefore abandoned (Figure 1 ). However, a fusion construct with GFP inserted into the DNase I-binding loop of ACT11 (GFP Met49 -ACT11) had a negligible negative effect on plant growth and development (Figure 1) . Importantly, this construct rescued the pollen tube growth and actin filament phenotypes associated with act11 ( Figure S2 ) and was incorporated into filamentous actin structures (Figure 3a, b) . Under normal growth conditions, however, we found that GFP-ACT11 is mainly cytosolic, suggesting that the signal of GFP-ACT11 in the filamentous form is masked by that of the cytosolic monomeric form. This finding is consistent with previous observations that the majority of actin is in the monomeric form (Gibbon et al., 1999; Snowman et al., 2002) .
Our study suggests that actin is distributed uniformly in the pollen tube, in contrast to a previous report showing that G-actin forms a tip-focused gradient in the pollen tube (Li et al., 2001) . A similar tip-focused gradient of G-actin was also reported in root hairs (He et al., 2006) . Our study found that the concentration of G-actin is a little higher close to the apical region of the pollen tube (Figure 2 ), but the same distribution was observed for the control protein mCherry. This suggests the slightly higher concentration of GFP-actin within the apical region is very likely due to the condensation of cytoplasm, as we also showed for the distribution of profilin in the pollen tube . Our results showed that actin monomers rapidly redistribute via active cytoplasmic streaming in the pollen tube. This result suggests that actin can be rapidly re-used for the continuous construction of actin structures within different regions of the pollen tube after their dissociation. Considering the coexistence of at least five reproductive actins and several distinct actin structures in the pollen tube (Pawloski et al., 2006; Chang and Huang, 2015) , it remains to be determined whether different actin isovariants are utilized for the construction of all actin structures or only for specific actin structures. Previous observations suggest that actin filaments turn over rapidly within the apical region of the pollen tube. In particular, we found that rapid apical actin polymerization is linked to pollen tube growth (Zhang et al., 2016; Qu et al., 2017) that requires the presence of actin-profilin complex . Our study suggests that the redistribution of actin monomers (presumably sequestered by profilin) via active cytoplasmic streaming is required for actin assembly to support rapid pollen tube growth.
GFP-actin has been used extensively for live cell analysis of actin filament dynamics. It will be particularly useful to combine the use of GFP-actin with advanced imaging technologies, such as FRAP and fluorescence correlation spectroscopy, to study actin dynamics and turnover within a given F-actin structure. However, the application of this approach is problematic in plant cells as the majority of actin is in its monomeric form (Gibbon et al., 1999; Snowman et al., 2002) and the filamentous actin signals will be masked by the signal from the overwhelming amount of monomeric actin (Figure 2) . However, the knowledge gained in this study will facilitate the generation of functional GFP-actin fusion proteins to study actin filament dynamics in yeast and mammalian cells. In the past, researchers usually used GFP-actin with GFP fused directly to the N-terminus of actin to trace actin filament dynamics in yeast and mammalian cells (Chen et al., 2012; Lemieux et al., 2014) . Based on the results in this study, we speculate that the previously used GFP-actin fusions might alter cellular functions and may not be properly incorporated into filaments, and therefore do not faithfully indicate actin filament dynamics. In support of this speculation, it was shown that the expression of GFP-actin impairs nuclear elongation and cytokinesis in Tetrahymena thermophila (Hosein et al., 2003) and GFPactin is not incorporated effectively into a specific subpopulation of actin filaments (Doyle and Botstein, 1996) . In addition, GFP-actin might not be efficiently used by actin nucleation factors, such as formins, and might be excluded from nucleation and elongation mechanisms, presumably due to steric hindrance during the formation of actin seeds or during barbed end actin incorporation (Wu and Pollard, 2005; Vavylonis et al., 2006; Carvalho et al., 2009; Chen et al., 2012) . In the future, it may be worth replacing the previously used GFP-actin probes with GFP-actin fusion constructs that have GFP inserted into the DNase I-binding loop of actin.
In summary, we found that actin monomers are distributed uniformly in the pollen tube and they are redistributed rapidly via cytoplasmic streaming to facilitate their re-use for the dynamic construction of actin arrays within the pollen tube to support rapid pollen tube growth. Our study thus provides significant insights into the cellular mechanisms underlying the regulation of actin assembly during pollen tube growth.
EXPERIMENTAL PROCEDURES Generation of GFP fusion constructs for reproductive actin isovariants
To facilitate the generation of GFP fusion constructs for ACT11 and four other Arabidopsis reproductive actins, we generated the three-dimensional structure of G-actin and F-actin for ACT11 via homology modeling using the structure of Oryctolagus cuniculus monomeric actin (ACTA1, PDB ID:3MFP) and the structure of Gallus gallus F-actin (ACTB, PDB ID: 3J0S) as templates. In order to generate a GFP-actin fusion construct with minimal negative effects on actin assembly and disassembly, we decided to insert GFP into a position that is exposed in G-actin and is not in a location that is important for the interaction between actin monomers during actin assembly. In this study, we generated a total of five GFP fusion constructs for ACT11. Two fusion constructs had GFP inserted close to the N-terminus of ACT11:GFP was either directly fused with the N-terminus (GFP N -ACT11) or inserted after Pro9 (GFP Pro9 -ACT11). Two GFP fusion constructs had GFP inserted within the DNase I-binding loop: either after Met49 (GFP Met49 -ACT11) or after Ala54 (GFP Ala54 -ACT11). One fusion construct had GFP inserted after Ile359 (GFP Ile359 -ACT11). To generate these constructs, the ACT11 genomic DNA sequence containing the predicted promoter region (2339 bp) was firstly amplified with the primer pair P7/P10 (Table S1 ). This PCR product was subsequently used as the template for further amplification of the upstream and downstream fragments for the construction of different ACT11-GFP fusion constructs. To generate the N-terminal GFP fusion construct of ACT11 (GFP N -ACT11), the primer pairs P7/P8 and P9/P10 (Table S1) were used for the amplification of upstream and downstream fragments, respectively. Other GFP fusion constructs were generated with a similar strategy. The primer pairs for the amplification of upstream and downstream fragments for the construction of GFP Pro9 -ACT11, GFP Met49 -ACT11, GFP Ala54 -ACT11 and GFP Ile359 -ACT11 are P7/P11 and P12/P10, P7/P13 and P14/P10, P7/ P15 and P16/P10, and P7/P17 and P18/P10 (see Table S1 ), respectively.
To generate the GFP fusion constructs for the four other reproductive actins (ACT1, ACT3, ACT4 and ACT12), GFP was inserted after Met49 within the DNase I-binding loop. The genomic sequences for ACT1, ACT3, ACT4, and ACT12 were amplified with primer pairs P19/P22, P23/P26, P27/P30, and P31/P34 (Table S1) , respectively. The PCR products were used as templates to amplify the upstream and downstream fragments with the same strategy as described above for GFP-ACT11. The primers are listed in Table S1 . GFP fusion constructs for ACT11, ACT1, ACT3, ACT4, and ACT12 were transformed into their corresponding T-DNA insertion alleles. The T-DNA insertion alleles used for these actin isovariants are as follows: act1 (salk_093023), act3 (salk_083433), act4 (GT_5_108527), act12 (salk_052709), and act11 (salk_038088).
Plant transformation and growth condition
The GFP fusion constructs were transformed into their corresponding T-DNA insertion mutants by the Agrobacteriummediated floral dipping method (Clough and Bent, 1998) . Arabidopsis seeds were sown on solid half-strength Murashige and Skoog (MS) medium with 10 g L À1 sucrose. After 7 days of culture, seedlings were transferred into soil for further growth. The growth chamber was set to 20-22°C with a light/dark cycle of 16/8 h. Rosette leaves and inflorescences were photographed after 3 and 6 weeks, respectively.
Semi-quantitative RT-PCR
Total RNA was extracted from pollen grains using the TRIzol reagent, and 5 lg total RNA was subsequently used as template for the reverse transcription to synthesize cDNA with M-MLV reverse transcriptase. To detect the level of transcripts from the GFP-actin fusion constructs in transgenic plants, the full-length coding sequences were amplified using specific primers for each actin isovariant, and eIF4A was used as an internal control. The primers used for the amplification are listed in Table S1 .
Detergent extraction of pollen tubes
The detergent extraction experiment was performed to increase the relative signal from filamentous actin by removing the excessive levels of soluble monomeric actin. In vitro pollen germination was performed as previously described (Wu et al., 2010; Zhang et al., 2010) . Pollen grains were germinated for 2 h at 28°C on solid germination medium (GM; 1 mM CaCl 2 , 1 mM Ca(NO 3 ) 2 , 1 mM MgSO 4 , 0.01% (w/v) H 3 BO 3 , and 18% (w/v) sucrose solidified with 0.5% (w/v) agar, pH 7.0), then subsequently fixed with 300 lM 3-maleimidobenzoic acid N-hydroxysuccinimide ester (MBS) in liquid GM for 1 h at room temperature. Pollen tubes were extracted with 0.05% NP-40 in TBSS buffer (50 mM Tris-HCl, pH 7.5, 200 mM NaCl and 400 mM sucrose) for 10 min and the extraction was repeated three times.
Actin filaments staining and quantification in pollen tubes
Staining of actin filaments in fixed Arabidopsis pollen tubes was performed according to the method described previously . Briefly, pollen derived from WT, ACT11, act11 and act11 plants harboring different eGFP fusion constructs was cultured for 2 h at 28°C after the fixation with the addition of 300 lM GM-dissolved MBS on the surface of solid GM for 1 h in room temperature. After extensive washing, pollen tubes were incubated with 156 nM Alexa-568 phalloidin overnight at 4°C. Samples were observed under an Olympus FV1000MPE multiphoton laser scanning confocal microscope and they were excited with a 543-nm laser and the emission wavelength was set at 560-660 nm.
The step size was set to 0.5 lm for the collection of Z-series optical sections. The mean gray value of fluorescence intensity was measured by ImageJ software (http://rsbweb.nih.gov/ij/; version 1.38) to quantify the amount of F-actin in pollen tubes as described previously .
Visualization and quantification of actin distribution in pollen tubes
Pollen grains were germinated on solid GM at 28°C for 2 h to ensure that the average length of pollen tubes reached about 150 lm for the subsequent visualization and drug treatment. The distribution of G-actin signal in pollen tubes was observed under an Olympus FV1000MPE multiphoton laser scanning confocal microscope equipped with a 9100 magnification oil objective (numerical aperture: 1.4). The 488-nm argon laser was used for excitation of the GFP signal, and the step size was set to 0.5 lm for the collection of Z-series optical sections in pollen tubes. To quantify the relative amount of G-actin in pollen tubes, the mean gray value of GFP signal in pollen tubes from the tip to 40 lm away was measured by ImageJ software. To trace the dynamics of G-actin distribution in the pollen tube, time-lapse Z-series images were collected by spinning disk confocal microscopy at 2 sec intervals for about 6 min. To increase the signal of GFPactin in the filamentous form, pollen tubes harboring GFP-actins (GFP Met49 -ACT1, GFP Met49 -ACT3, GFP Met49 -ACT4, GFP Met49 -ACT11 and GFP Met49 -ACT12) were treated with either 500 nM or 1 lM Jasp dissolved in liquid GM and incubated at 28°C for 30 min. To determine the effect of latrunculin B (LatB) treatment on the distribution of G-actin in pollen tubes, pollen tubes were treated with 100 nM LatB dissolved in liquid GM and incubated at 28°C for 30 min. To examine the potential role of profilin in regulating the distribution of G-actin in pollen tubes, we introduced GFP Met49 -ACT11 into prf4 prf5 double mutants by crossing ACT11pro:GFP Met49 -ACT11;act11 plants with prf4 prf5 double mutant plants. T3 plants were used for the subsequent analysis. The fluorescence intensity of GFP-actin was measured by ImageJ software and the average fluorescence intensity within the region from the tip to 50 lm away from the tip was plotted. To simultaneously visualize GFP-actin with mCherry pollen tubes, the transgenic plants expressing Lat52:mCherry were crossed with plants harboring GFP-actin in its corresponding T-DNA insertion mutant plants. T3 homozygous plants were used for image acquisition.
FRAP analysis
Pollen tubes derived from ACT11pro:GFP Met49 -ACT11;act11 were observed under an Olympus IX83 inverted microscope equipped with a 9100 magnification objective (numerical aperture of 1.4) and pollen tube images were captured under a laser scanning confocal microscope (model FV1200, Olympus, Japan) excited with a 488 nm laser. FRAP analysis was performed as described previously . Briefly, after selection of the pollen tube of interest, the pollen tube tip region (0-10 lm away from the tip) was photobleached with a 405 nm solid state laser under 100% laser power. The fluorescence after photobleaching was recorded at 2 sec intervals for 5 min excited with a 488 nm laser. To determine the effect of LatB treatment on the recovery of GFP Met49 -ACT11 fluorescence, pollen tubes were treated with 60 nM LatB for 10 min before FRAP analysis.
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